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INTRODUCTION
Morphology, which depends on kinetic parameters of the electrodeposition process, overpotential and current density, is considered to be one of the most important features of electrodeposited metals. Traditionally, silver produced by electrorefining from nitrate electrolytes is of dispersed shape (mostly dendritic and spongy). 1 Compact and technically applicable metals are produced by a further smelting/casting procedure. 2 In order to explain why silver deposits are preferentially dendritic, both electrochemical and crystallographic aspects were considered. Granular deposits of high porosity at lower overpotentials and dendrites at higher ones are the result of the high value of the silver exchange current density (low j/j 0 ratio). 3 On the 280 DIMITROV et al. other hand, non-compact silver layers are formed due to hindered nucleation. Markov et al. 4 showed the existence of a wide nucleation exclusion zone near each nucleus growing on a foreign substrate, and Milchev 5 the same in the case of silver. The generation and growth of nuclei is followed by the formation and growth of the nucleation exclusion zones. As a result, the nucleus surface density is low and hence rough and uneven deposits are formed during further growth.
Normally, direct formation of compact silver deposits is preferable. This leads to a simpler and cheaper electrorefining process as well as a higher level of purification. In previous papers, [5] [6] [7] it was shown that the addition of small quantities of phosphate ions,
PO , and stirring of the nitrate electrolyte, created conditions favorable for compact and small-grained silver deposits. This is probably leads to a maximum of the steady-state electrolysis conditions.
Another approach to improve the morphology of silver deposits is the application of reverse current regimes, which results in the dissolution of dendrites and a smoothing of the deposit during the anode pulse at the working electrode, 6 and a decrease of the size of the nucleation exclusion zone; 7 hence, compacter silver deposits are to be expected.
The main goal of this work was to examine how the reverse current regimes affect the morphology of silver deposits. This involved the selection of the appropriate cathodic and anodic overpotential, cathodic vs. anodic time ratio and the duration of the anodic pulse. Simultaneously, the effect of stirring and the addition of phosphate ions were also studied.
EXPERIMENTAL
In order to determine the reference state, silver was deposited by direct current electrolysis at -80 mV, as explained elsewhere. 8 The investigation continued with reverse current electrolysis, with variation of several parameters, i.e., i) the anodic overpotential η a was varied between 40-160 mV, ii) the cathodic vs. anodic pulse duration τ c :τ a , was 8:1, 4:1 and 2:1 and iii) the duration of the anodic pulse τ a (2 and 4 s). All variations were investigated both with and without stirring of the electrolyte and/or addition of [3] [4] PO . Electrodeposition was performed in an electrochemical cell consisting of Ag wires (0.5 mm) for both the working and reference electrode and an Ag plate with a much higher surface area as the counter electrode. The electrolyte contained 0.50 M AgNO 3 and 1.17 M NaNO 3 , with a further 0.060 M H 3 PO 4 added when required. All chemicals were of p.a. quality, and redistilled and deionized water was used. Both stationary and stirred electrolytes (magnetic stirrer, 400 rpm) were tested. The electrochemical cell was connected with an AMEL electrochemical line (Potentiostat/Galvanostat 2053 and programmable generator 568) and a gas-purification line. All experiments were performed at room temperature.
The obtained silver deposits were examined and documented by a scanning electron microscope (SEM), Hitachi 2000 Delta instrument.
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RESULTS AND DISCUSSION
Reverse vs. steady-state electrodeposition
In the preliminary stage, the experiments were aimed at demonstrating the differences between the silver deposits produced by d.c. and those by obtained by reverse current electrodeposition at the same cathodic overpotential. The anodic overpotential in the case of the reverse electrodeposition was randomly chosen and further optimized. Determination of the optimal anodic overpotential will be discussed in the following section. A comparison of the morphology is given in Fig. 1 . It is obvious that, in both cases, the crystals possessed an FCC-type lattice. The grains were a combination of cube−octahedron, i.e., cubic crystals with modified corners (see Fig. 2 ). During the steady-state electrodeposition, some other morphological forms developed as well, e.g., twinned grains (A in Fig. 1 ) and spiral-like crystals (B in Fig. 1 ). At the edge of the electrode, dendritic growth started (C in Fig. 1 ). The morphology of the deposit was heterogeneous and non-compact even at the optimal overpotential for d.c. electrodeposition. The opposite, i.e., homogeneity in size and shape, was produced when current reversal was applied (Fig. 1c) . The crystal grains were cubic with modified corners and smaller than in the previous case. During steady-state electrodeposition, the number of nuclei increases, reaching saturation after a certain time (10-100 ms), after which there is no further nuclei formation and only crystal growth occurs. The number of nuclei in the stationary state depends only on the applied overpotential/current density. In the case of the reverse electrodeposition regime, due to the short time of the cathodic pulse, there is no saturation of nuclei formation. After any cathodic pulse, the number of nuclei increases and this contributes to the formation of smaller grains than in the case of steady-state deposition. It should also be mentioned that dissolution of the surface layer occurs during the anodic pulse. This layer contains larger grains and other morphological forms, especially dendrites. As a result of dissolution, a layer with uniform size and shape of grains is formed. The cycle of alternating deposition/dissolution contributes to formation of homogeneous, small--grained and compact deposits.
Variation of η a and τ c :τ a
The first step in the optimization of the parameters of reverse current electrodeposition was an investigation of the influence of the anodic overpotential η a and the ratio of duration of cathodic vs. anodic pulse τ c :τ a .
In a previous study, 8 a value of cathodic overpotential of −80 mV was found to be the most suitable, providing the best balance between nucleation and the crystal growth process. Thus, this value was adopted as the value for the cathodic overpotential of the reverse electrodeposition. During the cathodic pulse, deposition of silver occurs as in the case of steady-state electrodeposition but, due to the short duration (shorter than 10 ms), saturation of the nucleation process is not achieved, i.e., the same quantity of metal is dispersed over a larger number of nuclei and, consequently, a small-grained deposit is produced.
On the other hand, during the anodic pulse, several processes occur, such as: i) dissolution of all crystals, preferentially at places where the exchange current density j 0 is the highest and ii) the splitting off of the crystals weakly bound onto the substrate, especially of larger crystals and dendrites.
The sites of the removed crystals or dendrites are suitable for nucleation in the next cathodic pulse because the nucleation exclusive zones have decreased or completely disappeared. Moreover, they could be also suitable for the growth of neighboring crystals.
The anodic overpotential, η a , was varied over a wider range of overpotentials, i.e., 40-160 mV. The duration of the anodic pulse τ a of the reverse cycle is usually shorter than that of the cathodic one τ c , and in this case it was 2 ms. The ratio of cathodic vs. anodic pulse period τ c :τ a was varied as 8:1, 4:1 and 2:1, meaning that τ c was 16, 8 and 4 ms, respectively.
The change in the morphology of the silver deposits as a function of the variation of the anodic overpotential, η a , and τ c :τ a is shown in Fig. 3 . At lower τ a = 2 ms, τ deposition = 10 min; magnification: ×100.
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anodic overpotential (40 and 60 mV), there was no splitting off or release of the crystals, only a slow dissolution. At higher anodic overpotentials, the tips of the crystals dissolved faster than the side parts. According to their size and shape, it seems that they grew uniformly in all directions. Nevertheless, there was not mutual linking of the crystals. An increase of the anodic overpotential also caused a more intensive dissolution of the larger crystals as well as their splitting and entire release, especially of dendrites. Hence, at an anodic overpotential of 120 mV, the deposits consisted of smaller grains and were more compact than the corresponding ones obtained at lower overpotentials. On further increasing of the anodic overpotential to 160 mV, the grain size and compactness continued to improve. However, considering the lower current efficiency at 160 mV, an anodic overpotential of 120 mV could be regarded as the optimal one. At the beginning of a cathodic pulse, the nucleation density was high enough for the number of grains to increase and their linkage to occur. It could have been expected that small-grained and compact deposits would continue to improve with further adjustment. However, at the higher ratio of cathodic vs. anodic overpotential τ c :τ a , saturation of the nucleation could be achieved and crystals grew larger. Even at τ c :τ a = 2:1, the obtained deposit was small-grained and compact, but the current efficiency was lower.
Thus, further optimization of the electrolysis parameters was directed towards obtaining small-grained compact deposits with higher current efficiency, i.e., at a higher τ c :τ a ratio, e.g. 4:1. In order to realize this, the anodic pulse period was varied.
Variation of the anodic pulse period, τ a
An SEM image of an electrodeposit obtained by reverse electrodeposition with increased duration of the anodic pulse, τ a = 4 ms, is shown in Fig. 4 .
Compared with the corresponding deposit obtained under identical conditions but with τ a = 2 ms (see Fig. 1c ), this deposit shows a denser nucleation and close--packed grains of reduced size. Prolongation of the anodic pulse enabled a more intensive dissolution of the larger crystals as well as the release of weaker bound 
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crystals from the electrode surface, especially dendrites. Successively repeating the cathodic and anodic pulses resulted in the formation of smaller-grained and more compact deposit. However, the compactness can also be improved with further changes of the electrodeposition conditions, for instance, the addition of
PO and application of stirring to the electrolyte. − 3 4 PO and stirring of the electrolyte As mentioned above, formation of compact deposit depends on the j/j 0 ratio. The higher the j/j 0 ratio, the better is the compactness of the deposit. There are several approaches to increase the value of j/j 0 , either through increasing the current density, or decreasing the exchange current density, j 0 . Further attempts in this study to improve the morphological characteristics of the silver deposits were to include PO affects both an increase in the number of active centers and the stimulation of 2D crystal growth. This is a result of lower exchange current density. The values of the exchange current density in nitrate solution with and without
Simultaneous action of
PO , measured by impedance spectroscopy, were 5.0 and 26 mA cm −2 , respectively. 6 The polarization curves of the electrodeposition of silver from a solution with and without
PO are shown in Fig. 5 . At the potential interval of the formation of polycrystalline deposits, near −80 mV, the current densities were almost the same. Hence, the j/j 0 ratio was more than 5 times higher in the presence of Electrocrystallization processes controlled by incorporation of adatoms suggest two-dimensional (2D) growth. As can be seen from Fig. 6a and 6b, the formed grains had a plate-like shape. As
PO favor the generation of a larger numbers of nuclei and almost eliminate nucleation exclusive zones, the produced deposit was more compact than in the previous cases. Furthermore, if electrolyte stirring is applied, the processes intensify and the deposits were even more compact with smaller grains (Fig. 6c and 6d) . The plates were very closely packed and mutually intertwined, thus whisker-like shapes can be observed. Changing the hydrodynamic regime is another approach to increase the j/j 0 ratio. Stirring the electrolyte also lowers diffusion limitations during electrocrystallization. It lowers the concentration gradient that provides a continuous supply of Ag + to the cathode surface. The thickness of the diffusion layer, δ, is also smaller, which means the limiting current density increases. This contributes to an increase in the j/j 0 ratio.
In the case of the simultaneous addition of
PO and stirring of the electrolyte, the j/j 0 ratio increases as a result of both an increase in j due to the stirring of the electrolyte and decrease of j 0 due to introduction of
PO . This enables the formation of compact and small-grained deposits even under conditions when previously this was impossible possible. Figure 7 shows that a fine compact deposit can be obtained at the lower anodic overpotential, 80 mV, and the higher ratio of the duration of the cathodic vs. anodic pulse, τ c :τ a = 4:1. This contributes to an improved quality of the deposits and the current efficiency of the electrodeposition process. τ a = 4 ms, τ deposition = 10 min; magnification: ×100.
CONCLUSIONS
The investigations in this study were motivated by the idea to obtain small--grained and compact silver deposits by electrodeposition under electrorefining conditions. After varying several parameters such as anodic overpotential, anodic pulse period, cathodic vs. anodic time ratio in stirred and non-stirred electrolyte both with and without the addition of 
1)
Increasing the anodic overpotential resulted in the formation of smaller grains and increased the compactness of the deposit. An optimal overpotential could be considered 120 mV, because further increasing the overpotential considerably decreased the current efficiency of the electrodeposition process.
2) Increasing the cathodic vs. anodic time ratio, τ c :τ a , led to the formation of a rough deposit with larger grains. At τ c :τ a = 2:1, the deposit obtained was compact with smaller grains, but in this case the current efficiency was very low.
3) Prolongation of the anodic pulse had a similar influence on the morphology as the anodic potential, i.e., it enabled the formation of a more compact and small-grained deposit. In this case, an appropriate morphology can be obtained at higher cathodic vs. anodic time ratios.
4) The addition of
PO and stirring the electrolyte enabled the formation of deposits with the best morphological characteristics at a higher current efficiency.
Reverse current regimes in combination with
PO and stirring of the electrolyte during electrorefining are suitable ways of encouraging the formation of refined and compact silver deposits and they are technically applicable.
